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SUMMARY

‘Sodium channels and calcium channels from rat brain menbranes, have
been incorporated into planar phospholipid bilayer meabranesa and chearac-
terized electrophysiologically. Currents through many channels (macroscopic
currentsa) and thoase through single channel molecules (single channel cur-
renta) were studied. The sodium channels were activatad by the neurotoxin
batrachotoxin, and were selective for sodium over potassium, cesium, and
chloride. They opened as the membrane was depolarized, and were blocked by
nanomoclar concantrations of the neurotoxins saxitoxin (STX) and tetrodo-
toxin (TTX). The single channel conductance was 30 pS in syametrical 0.5 M
NaCl, 0.1 mM CaClz. Block of single sodium channels by STX was found to be
dependent on the meabrane potential with depolarizing potentials reducing
the potency of STX block by as much as S0-fold. Both blocking and unblock-
ing rate constants were affected by the membrane potential: depolarization
decrsased the rate (probability) of channel block by STX and increased the
rate (probability) of unblock. Thess sodium channels are responsible for
depolarizing phase of the action potential in nerve and muscle cells and
appear to conatitute the sole site of action of STX and TTX,. Single calcium
channels froa rat brain membrane vesicles were also incorporated into
planar bilayers; both macroscopic and single channel calcium currents were
studied. The calcium channels were selective for calcium, barium, and
strontium over monovalent cations and anions. The single channel conduc-
tances for Ca**, Ba**, and Sr** were 5 pS, 8.5 pS, and 5 pS, respectively,
in sysmetrical 0,25 M Me**Cl?. Membrane depolarization increased the
probability of channel opening and decreased the probability of channal
closing. There was an apparent reciprocal relationship between the single
channel conductance and the nean open lifetime for the three permeant
cations tested, suggesting a possible relationship between channel gating
(voltage dependence) and ion permeation. These calcium channels may be the
pathways for calciua entry during stimulus-coupled release of neurotrans-
nitter at synapses in the central nervous systes.
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In conducting the research described in this repori, the invaestigators
adhered to the “Guide for the Care and Use of Laboratory Animals,"” prepared
by the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council (DHEW Publication
No. (NIH) 78-23, Revised 1978).
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EXPERIMENTAL RESULTS
(for the period 8/1/82 through 7/31/83)

A. SPECIFIC AIMS OF LAST PROPOSAL.

In this saection of the report we list the Specific Aims of our
original proposal (for three years). The subsequent comments summarize
the progress aade (if any) on each Specific Aim during the firat year of
the project.

1. To develop and refine methods to study ion salective channels from
excitable membranes incorporated into planar bilayers.

During ths firat year of the project, we have developed thae capability
to study two different types of ion channels incorporated into planar bi-
layers. New electronic circuits, designed and built by our group, provide
higher resciuticn and frequency responss as well as capacity compensation.
Further improvements are in progress. We now hava four set-ups in opera-
tion, two of which are interfaced to microcomputers. Software has been
developed to analyze aingle channel fluctuations due to voltage-gating of
single channels and to tha blocking and unblocking of the channels by STX.
Both "painted™ and golvent-free "“folded” planar bilayers are in use.

2. To survey the diversity of other jion channelis incorporated into
bilayers from neuronal and cardiac auscle preparations, including other
voltage-gated channels, calcium-activated channels, and channels activated
by putative neurntransaitter substances.

We have identified and charactarized voltage-dependent calciua
channels in planar bilayers exposed Lo rat brain membrane vesicles. The
rasults are summerized below (see Nelson et al., 1984, ref. 29)

3. To study voltage-dependent, saxitoxon (STX)-sensitive sodium
chaanels from rat brain mesbrane incorporated into lipid bilayers.

As summarized below in Krueger et al. (1983) (7) and French et al.
(1984) (15), wa have charucterized the reconstituted sodiua channels
with respect to voltage dependence and ion selectivity. 0f particular
interest waa the finding that block of singla sodium channels by STX was
voltagu-dependent with block being up to 50-fold less potent at depolar-
ized potentials.

4. To provide a definitive characterization of the calcium-activated
potassiua channel from rat brain.

This part of the proposal has been dropped in order to devote full
tine to the atudy of sodium and calcium channels.

5. To characterize, in bilayers, channels incorporated from myocardial
ReRbranes, focusing in particular on the role that calcium plays as a
charge carrier and modulator of conductances in cardiac membranes.

This phase of the project has been deferrad to the second year and
preliminary experiments are in progress.
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B. PUBLICATIUNS AND SCIENTIFIC MEETINGS.

Work under this contract has resulted in three publications:

Krueger, B.K., J.F. Worley, 111, and R.J. French. Single sodium channesls
from rat breain incorporated into planar lipid bilayer membranes. Nature
303: 172-175 (1983).

French, R.J.; J.F. Worley, 11I, and B.K. Krueger. Voltage-dependent block
by saxitoxin of sodium channels incorporated into planar lipid bilayers.

Biophysicsl Journa} 45: 301-310 (1984).

Nelson, M.T., R.J. French, and B.K. Krueger. Single calcium channels froa
rat brain in planar lipid bilayers. Nature 308: 77-80 (1984).

Each section of the report below, will consist of a brief summary of
onc of the above components of the project together with conclusions and
future plans, followed by a complete text of the resulting publication.

Staff members on this project sttended the frlloving scientific
asetings to present the experimental results from this project:

R.J. French. Biophysical Society Neeting, San Diego, CA. 2/83.
N.T. Nelson. Biophysical Society Meeting, San Diego, CA. 2/83,

B.K. Krueger. Gordon Research Confersnce, Molecular Pharmacology, 6/83
(Invitad Speaker).

R.J. French. Gordon Research Conference, Csll Membranes, 7/83 (Invited
Speaker).

R.J. French. International Physiological Congress, Sydney, Australia,
8-9/83 (Invited Speaker).

The work described in French et al. (1984) was solicited as a
Plenary Discussion Paper for the Fourth Biophysical Discussion, Airlie,
VA, 10/83. R.J. French, J.F. Worley, N.T. Neison, and B.K. Krueger were
invited to attend the confarence.
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C. SODIUN CHANNELS IN PLANAR BILAYERS,

Suanary. Voltage-dependent sodium channels from rat brain vere
incorporated into planar phospholipid bilayer memhranes. The channels
vwere activatad by batrachotoxin (BTX) on the side oppcsite rat brain
seabrane addition (trans)and were blocked by saxitoxin (STX) from the
side of vesicle addition (¢is). Thia allowed the assignment of the cia
side as the outside of the bilayar with respect to the channels. Both
macroscopic (multichannel) and single channel currents were studied. The
asingle channel conductance was 30 pS (30 x 1012 ohma~1) in symmetc-ical
0.5 M NaCl. STX blockead with an apparent dissociation constant of about
4 nM. Stapwise, unitary current fluctuations were observed which were
due to the blocking and unblocking of individual sodium channels. Single
BTX-activated sodium channels ware salective for sodium over potassiunm,
cesium, and chloride. Hyperpolarization favored channel closing. Block
of single sodium channeis by STX was voltags-dependent with hyperpolari-
2ing potentials favoring block.

The results described above followed from preliminary results ob-
tained with meabrane vesicles froa rat brain, in which calcium-activated
potassium channels were observed in p’anar phospholipid bilayers expcsed
to the brain vesicles (Krueger, French, Blaustein, and Worley. abstract
in Biophys. J. 37: 170a, 1982), We knew that the vesicles also contained
sodium channels because binding of JH-saxitoxin (STX) was enriched in
the vesicles (1). When the protocol of Miller (2) was used, with the
sxceptions that NaCl replaced KCl and brain vesicles vere added, a STX-
blockable conductance appeared in the bilayers. This result also re-
quired that batrachotoxin (BTX) be present on the side opposite vesicle
addition. BTX inhibits sodium channels inactivation and causes the
channels to remain open at the normal resting potential (3-6). Further
study indicated that under appropriate conditicns (low vesicle concen-
tration) a single channel could be incorporated into the bilayer and
studied for some time. We characterized these BTX-activated godium
channels at the single channel level with respect to potency of STX
block, ion selectivity, and voltage dependence. Details of these reasults
can be found in the publication that follows (7). There seems to be
little doubt that these channels are identical to those that are respon-
sible for the depolarizing phase of the action potential of nerve cells
and that are the only know site of action of STX and TTX.

Several particularly interesting findings came out of this work. This
was the first report in the literature of the succesaful incorporation of
voltage-dependent sodium channels into an artificial meabrane. There had
baen some concern that the decane present in the planar bilayers (8) might
alter the function of the channele;, however, the propartias of the channeis
are remarkably similar to those of normal and BTX-activated sodium channels
in intact cells (4,6,9-12) including single channel paramseters (10-12)
studied by the patch clamp technique (13). Recently, this conclusion was
supported by the demonstration that nonane and decane do not affect sodium
channels in squid axons (14)., By taking advantage of the fact thet in the
pressnce of BTX, the channels are nearly elways opan at membrane potentials
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of +60 aV, we demonstrated stepwise, unitary current fluctuations dve to
the blocking and unblocking of individual sodium channals by STX as
shown in figure 2 of ref. 7. This desonstrated for the first time that
block by STX is all-or-none, that is, a channel is either fully open or
completely blocked by STX. Another interesting result that is described
in more detail in the next section and (15) is that block by STX is
affected by the membrane potential with depolarizing potencials reducing
the potency of block by up to S0-fold.

The results obtained are particularly encouraging. not only because
they provide additional detailed inforamation about the functional proper-
ties of sodiua channels and about 3STX block, but also becauss they suggest
a mathod for assaying the function of channels that have been removed from
nerve meabrenes by detergent treatament and asubjected to biochemical manipu-
laticns and purification. Several groups have purified the STX binding site
froa mammalian nerve and muscle meabranes (16,17) and have also reconsti-
tuted tha purified binding sitea in phospholipid vesicles by removing the
detergent. These raconstituted binding sites exhibited BTX activated 22Na
fluxes that were blocked by STX (18,19). This method lacks control over the
aembrane potent.ial, and even using a rapid mixing device (20), time resolu-
tion is limited to about S50-100 msec. Reconstitution of sodium channels in
planar bilayers as vwe have described, provides the neans to assay function
on a physiological time scale with control over the membrane potential.
Research is under way in Dr. Krueger’s lab, with support froa NIH, to
purify STX binding sites and to assay function of thes® purified channels
by reconsatitution in planar bilayers.

Technical note: The traditional voltage convention in planar bilayer
publications was used in ref. 7 (i.e., the reference potential was that of
the trans side). It was found that all of the channels incorporated into
the bilayer with their STX blocking sites facing the ¢ig side, allowing us
to define ¢cigs as the extracellular side with respect to the channels.
Membranae potentials reported in ref. 7 are therefore opposite to the normal
cellular convantion (outside at reference potential). Data reported in ref.
15 are given in the normal cellular convention.
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Reprinted from Nature, Val 303, No $913 pp. 172175, 12 May 1981
O Mucmillan Journals Lid.. 1983

Single sodium channels {rom
rat brain incorporated
into planar lipid bilayer membranes

Bruce K. Krueger®, Jennings F. Worley 111°
& Robert J. Freacht

Departments of Physiology® and of Biophysicat, Universi.y of
Muaryland School of *dedicine, Baltimore, Maryland 21201, USA
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Planar bilayers were {ormed by the method of Mueller et al.’
across a 0.25-0.5 mm diameter hole in a polystyrene partition
separating two chambers, both normaily containing 0.5 M MNaCl,
10mM HEPES, 0.15mM CaCl: 0.1 mM Mg(l,, 0.05mM
EGTA, pH7. The membrane-forming solution contained
33mgml™' phosphatidylethanolamin. (bovine brain; Avanti
Polar Lipids) and 13 mg mi™' phosphatidylserine (bovine brain;
Aventi) in decane. The current across the bilayer was measured
and cominand voltages were applied to the Lathing solutions
via 8 pair of Ag/AgCl clectrodes The side to which vesicles
were adaed was designated the cis side; the opposite (rans)

side was held at virtual ground. The ares-specific resistance of
the bilayer before sddition ¢ biological material was
~10* N1 cm?; the cutoft frequency of the current-tn-voitage
converter was ~80 Hz. All expcriments were performed at
ambient temperature (22-25 *C).

Membrane vesicles were prepared frcm rat brain homo-
genates as described by Krueger er al.*. Briefly, {resh rat fore
brains were homogeiized in isotonic sucrose, using a cavitating
tissue disrupter. Low-speed (1,00C¢) and intermediate-speed
(10,0002) pellets were discanded and the high-speed
(100,000¢) pelict was suspended in 0.4 M sucrose and stored
at =77 °C for up to 6 months before use. The specific activity
of 'H-STX binding was enriched about fivefold in thas fraction
compared with the crude homogenate: at least 60% of the
binding tites were recovered in this fraction. We have success-
fully incorporated sodium channels from at least 12 different
membrane preparations obtained by this method.

{ncorporation of sodium channels was achieved by t
Yfusion' method’ . Addition of membrane vesicles U the m
chamber, with 0.6 uM BTX presest on the rans side, resulied
in stepwise increases in conductance. After 5-30 min, the ¢ w-
ductance of “he membrane incressed by 30-1,000 pS. Be.ore
addition of membrane vesicles. the conductance was 10- 20 pS.
Both BTX and vesicles were required to produce the wunduct-
ance increase. Figure la siows the cumrent scrr.s 8 planer
bilayer following sddition of membrane vesicles (10 pgml™")
23 described above. About !5 pA flowed acrass the memorans
st £30mV: a steady-state, voltage-independent sodium con-
ductance is not surprising because, in the presence of BTX,
sodium channels in nerve close only when the membrane is
hyperpolarized beyond - 90 mV (refs 10, 11 and see heiow).
Addition of 0.3 uM STX 10 the cis side resulted in aimost a

compiete block of tize membrane conductance. In this experi-

ment, the conductance in tie presence of STX was nearly
ident.cal to that scen before incorporation of membrane
vesicles. In general, the number of channels incorporated and
the rate of incorporation are dependent on the concentration
of membrane protein added to the cis side. At high concentra-
tions (10 ug mi~') several channels usually sppear in the bilayer
within $ min. In order to obtain only a single channel or very
few channels, very low protein concentrations (0.2 ug mi™") are
used and longer periods (up to 30 mia) are required. Channels
can usually be studied for at least 30 min after incorporation;
in some cases a tingle membrane with one or a few channels
hes been studied for 2 h, with repeated changes in ionic condi-
tions by p:riusion of the cis chamber.
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Fig. 1 4, Block of conductance by STX. Rat brain membrane vesicles were incorporated 1nto the planar bilayer as describad in the text,
with (1.5 M NaCl on both s:des and 06 uM BTX on the rans <ide. As the ion concentrations on bath sides of the membrane were identical,
the reversal (ze10-current) potential was O mV. Before the beginning of this record. the conductance had increased in several discrete jumps
(one such jump can be seen at srrow 1) With the membrane potennial hetd at + XimV, both chambers were stirred (begpinning at arrow 2)
and 0.3 uM STX was added to (b 15 ude (arrow 1), Tie disturbance just before STX addition was due 10 inscrtson of the pipetie ino the
cis chamber. The current record was filtered (fow.pass) at 2 He. b, Dore-response curve for sTX black. Same conditions 8¢ 10 a except that

the STX concentration on the cis side was raised in ncrements (£,

= +MimV) In this case, the data have been corrected by subtracting a

20-pA, STX independent current ¢S uM STX cis and mans). The curve was drawn for a blocker with & dissocistion constant of S nM. The
hars indicate standard errors
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Figure 15 shows the effect of umn| concentrations of STX
(cis) on the d of the bilayer. Half-maximal block of
the conductance occurved at abori §nM ST (at +30mV).
which is similar to the X, for block of mac

fi jons of similar magnitude were also obeerved in the
absence of STX. Examples , of these single-channel fluctuations
can be seen in Figs 2a, b and 3 (insets).

The d obeervation thst block of BTX-activated

carrents in nerve by STX'T' and to the K, for binding of

pe
" N

ls by STX was voitage dependent is shown in

radiolabelled STX™". Black of the conductance by STX was
completzly reversed by perfusing the cis chamber with toxin-
free solution. Addition of up to luMSTXto\hec-mnde
d:dno(nﬂeame brane This sided of
STX block i that the ch is were incorporated into
the bilayer with their extracellular sides (acing cis.

Figure 2a shows a current record taken siter exposure of
the bilayer to membrane vesiclet in the presence of BTX, and
wbaeqmlblockbyt)] 1. JMSuMSTX(cu) The stepwise

inths o STX ‘loreﬂealheblock-
ing and unblocking of individual sodi
the mean durstion of the ducting state was substantially

shortened by raising the CTY, concentration on the cis side.
Mecssurement of the mean times in the zero- and one-
channel conductance levels st +30mV, incicated that the
oa-nleudoa-memnulorsrxbhcknm 0.05s™' and

Fig. 2b. After addition of 0.32 uM STX 1o the cis side of a
membrane contair ag sevea scdium channels, the channels
remained conducting about 5% of the time at —30 mV but only
170 of the time at +30mV. There was an cven more dramatic

dift b the percentage block at —60 mV and that
at +60mV (see Fig. 2 legend). ‘nws. voitages that would
enhance entry of STX (a dival tion) into the ch 1 (avour

block. Although biock of cardiac wduun dunneh by ‘I'D( has
been reported to be voltage d dert'®, this 1 has
teen challenged on technical grounds'’ and is not supported
by more recent woltage-clamp studies'**. Such an effect has
not been reported in Ho “ver, b of the long
relaxation times for STX block (r = 7 3 st K = 5 nM; [STX] =
100 nM). the magnitede of the peak sodium current during a
single voltage-ciamp pulse relects the degroe of block st the
preceding holding mnu'll nlher than at lhe pulse potentia’.

1.1x107s"' M"', respectively, implying a dissociation corstant  Even the ph required 10 test for steady-
of 4.5 nM (compare with Fig. 1). In many expemnenu. with  state vo"a;cde?eadems‘l‘x block of sodium channels without
very {ew channels incorporated, di , step ¢ BTX tr . can be used to expiore only a limited voitage

a

IsTx|,,

(= -3
0y L . " ‘_ 0 pAI

oM SO e P A N o8 _r<=
Pig. 2 «. Single sodium channel - — o T e
curvent ﬁmunom mduud by STX . el
moo the bilsyer a deumhd in Fig.

+ legend. Top: comtrol trace o
-wnv.w’lm:mm-
brane at 60 mV {ollowing addition
of 3.3 uM, 1.3 uM and S uM STX
to the cis side. The arrows indicate

the zero-curremt level for each
record. The cutremt records were
fikered (low-pass) ot 20 Hz on play-
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range. Our ability to examine the steady-state voltage depen-
dence of STX block over a wide range of potentials 13 2 con-
sequence of the inhibitton of sodium chanm| inactivation by
BTX. We cannot exclude the possibility that the high sodium
concentration or channet modification by BTX are necessary
for the STX action to be voltage dependent.

Figure 3 illustrates the selectivity of single BTX-activated
channels. In this experiment, the cis chamber was perfused
with a vesicle-free solution containing 0.1 M NaCl, 0.4 M KCl.
The trans chamber containe< 0.5 M NaCl and C.6 uM BTX.
The reversal potential for the single-channel currents in this
experiment was about +36mV (Ex, =41 mV) which implies 2
permeability retio Py/Pu, of 0.06 (mean of 0.07£0.02 is.e.)
n three experiments). in < simiiar experiment using CsCl
instead of KCl, we were unabie to detect any permeability to
Cs (that is, the zero-current potential approximated E.,). The
Py /P, ratio is lower than that obtained f(or BTX-modified
channels in the nade of Ranvier™ and in neurablastoma cells
in culture™ ', and is comparaiie with a Pc/P., of about 0.08
for unmodified channels in the node of Ranvier'"*?, In general,
permeabulity ratios depend on the ionic composition of the
bathing solutions’***, and can even differ significantly between
two related cell lines™.

The single-chanael current fluctuations in symmetrical 0.5 M
NaCl (Fig. 3, open circles) revealed a unit conductance of about
30 pS. This value is consistent with the reported value of about
15-18 pS using the patch-clamp technique®?* (but see ref. 26),
considering the much higher sodium concentration used in our
experiments and assurning a saturating conductance-activity
relationship’”. The single-channel conductance with 0.1 M
NaCl and 0.4 M KCl on the cis side and 0.5 M NaCl on the
trans side (Fig. 3. closed circles) was 23 pS, which was somewhat
lower than in symmetrical 0.5 M NaCl solutions.

Figure 4 illustrates the voltage dependence of & single BTX-
activated sodium channel incorporated into a planar bilayer.
At potentials less than +70 mV, the sodium channel was open
>99% of the time; at more positive potentiais, the channel
began to close for brief intervals, many of which were 100 short
to bz fully resoived by our amplifier. At very lz-ge potentials
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Fig. 3 Current-voltage relationships for uingle sdium channeis
Open aiscles show the single-channel currents 10 symmetncal
0.5 M NaCl. Closed circles show the single channed currents with
08M NaCl arrane) and 0.1 M NaCl, 0.4M KCl enn: BTX
0.6 uM) was present on the rans side. The lines are least-squares
tits to the data points giving single-channel conductances of 21 pS
whwed arcles) and 29pS sopen cuclest. The insets show rep-
resentative current records taken at -40, 0, sdi and +60mV {or
0,88 NaClvranss and 0 1N NaCL 04 M KT west Current
tecorts in inwets were filtered duiw -pasct at W EH
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Fig. 4 Voitage dependence of BTX-activated channels. A singie
sodium channei was incorporated in the planar bilayer as described
above. Records are shown at +70, +80, +90 and « 100 mV (cis-
trans) as indicated. ‘C and ‘O’ indicate the closed- and open-state
current levels, respect.vely. The zero-current level for each record
was ~0.3-01.5pA helow the closed-state level. Records were
filtered at 60 Hz on playback. BTX (0.6 uM) wzs present on the
trans side. Similar results were obtained in three experiments
using single-channel bilayers from two different membrane
preparations.

the channel was closed almost all the time. The midpoint of
the conductance-voitage curve was about +95mV. As the
sodium channets were oriented in the bilayer with their extracel-
lular sides {STX-blocking sites) facing ¢is, positive potentials
across the bilayer corresponded to (cell interior) negative poten-
tials in situ.

The specific block of the conductance by STX at nanomolar
concentrations, the activation of the channels by BTX, the
sclectivity of the ch Is for sodium over pc i and the
voltage dependence together with the unit conductance, indi-
cate that these channels are the well studied sodium channels
of excitable ceils. As the planar bilayer system allows control
of the solutions on both sides of the membrane and the lipid
composition of the bilayer, it should be useful for biochemicaily
modifying specific sites on the channels as well as for charac-
terizing purified sodium channels.
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Summary. Our preliminary finding, reported in ref. 7, that the potency
of block of sodium channels by STX varied with the membrane potential was
inveastigated in detail in French et al., (1984) (15). All experi-
rents were conductad on bilayers containing only one or a few sodium
channela. The voltage dependence of STX block was evaluated from steady
stats meagurements of the fractional block as a function of STX concentra-
tion over a range of membrane potentials. It waas found that the dissocia-
tion conatant (Ky) for STX block ranged from about 1 nM at -60 aV (near the
normal resting potenticl) to about SO nM at +50 aV. By evaluating the
kinetic parameters of unitary single channel fluctuations induced by STX,
we ware able to daetermine that depolarization decreased the blocking rate
constant and increased the unblocking rate constant. At each potential, the
K1 derived from kinatic parameters agraed well with the K1 obtained from
staeady atate detarminations. We have aubaequently found that block of
sodium channelas by TTX is also voltage-dependent and that the stcepness of
tha KT va. potential relationahip is about the same as for STX.

Voltage-depenadent STX block was entircly unexpected. Several investi-
gators had previously considered tha possibility that STX or TTX block was
voltage-dependent (7,21-23) but in each case no evidence couid be found to
demonstrate such an effect of voltage on block. One report (24) suggested
that depolarization of heart cella increased the potency of TTX block,
howevar, the validity of the experimenta. methods used to carry out those
expariments have been questioned (25), and mores recent studies have failed
to confira that finding (26). As sumaarized above, ocur results demonatrate
that depolarization reduces the potency of ST block at least under the
sperific experimantal conditicons uged in our experiments.

A voltage-dependent process suggasts that one or more electric charges
are interacting with the membrane elaectric field. The moat likely candidate
for those charges is the STX nolecule itself which is a divalent cation
under physiological conditions. One possible mechanisa is that the binding
aite for STX lies inside the channel at a location within the meambrane
electric field. Thus block by STX, approaching from the outside, would be
favored by negative-inside (hyperpolarizing) potentials, making the potency
of block greater (27,28). Our results are consistent with this model except
that binding of STX to the channels should be voltage-dependent under
virtually all conditions; binding of radiolabeled STX and TTX ~o souium
channels has been shoun to be independant of membrane potential (7,21). A
second possibility is that STX or TTX in its binding site can be influ-~
enced, electrostatically, by another cation (e.g., Na* or Ca**) residing at
another aite within the channal, even if the STX binding site were not
inside the membrane fiaeld. Occupancy of the second site would disfavor
occupancy of the STX binding site by repulsion of like chargaes. With this
model, if the Na/Ca binding sita were within the membrane field, the vol-
tage dependence of STX binding would arise .ndirectly from the voltage
dependence of Na/Ca binding. In the renewal prcposal for this contract, wve
proposed a number of experiments that ahould allow us to determine whethar
one of these two mechanisms for voltage dependence of STX block is correct.
Another question for investigations is whether STX block is voltage depen-
dent orly in BTX-activated sodium channels or whether the phenomenon occurs
in normal channels as well. Experiments were proposed to ancwer this ques-
tion as well.
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VOLTAGE-DEPENDENT BLOCK BY SAXITOXIN OF

« SODIUM CHANNELS INCORPORATED INTO PLANAR :
LIPID BILAYERS .

ROBERT J. FRENCH, JENNINGS F. WORLEY, 11, AND BRUCE K. KRUEGER
Departments of Biophysics and of Physiology, University of Maryland School of Medicine, Baltimore,
Maryland 21201

ABSTRACT  We have previously studied single, voltage-dependent, saxitoxin-(STX) blockable sodium channels from
rat brain in planar lipid bilayers, and found that channel block by STX was voitage-dependent. Here we describe the
effect of voltage on the degree of block and on the kinetics of the blocking reaction. From their voltage deperdence and .
kinetics, it was possible to distinguish single-channel current fluctuations due to blocking and unblocking of the channels
by STX from those caused by intrinsic channel gating. The use of batrachotoxin (BTX) to inhibit sodium-channel
inactivation allowed recordings of stationary fluctuations over extended periods of time. In a range of membrane
potentials where the channels were open >98% of the time, STX block was voltage-dependent, provided sufficient time
was allowed to reach a steady state. Hyperpolarizing potentials favored block. Both association (blecking) and
dissociation (unblocking) rate constants were voltage-dependent. The equilibrium dissociation constants computed from
the association and dissociation rate constants for STX block were about the same as those determined from the
steady-state fractional reduction in current. The steepness of the voltage dependence was consistent with the divalent
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toxin sensing 30-40% of the transmembrane potential.

INTRODUCTION

Recently, we reported that single sodium channels from rat
brain could be incorporated into planar lipid bilayers
(Krueger et al., 1983). In the presencs of the neurotoxin
batrachotoxin (BTX), unitary current fluctuations result-
ing from the opening and closing of individual channels
were observed. The reconstituted sodium channels, closed
at hyperpolarizing potentials, were selevtive for sodium
over potassium or cesium, and were biocked by nanomolar
concentrations of STX. In that study we found that block
of sodium channels by STX was voltage-dependent, with
hyperpolarizing potentials favoring block. Here we present
a more detailed analysis of this voltage dependence.

An accurate description of the effect of voltage on the
toxin-induced block is an essential step toward understand-
ing the molecular details of the toxin’s action. The voltage
dependence could be due to the passage of the divalent
toxin through part of the transmembrane voitage as it
approaches or leaves its binding site. Although our data are
consistent with this simple picture, the actual physical
basis of the voltage dependence could be more complex.
For example, an obligatory voltage-dependent reaction,
such as a gating transition or the vacating of a nearby ionic
binding site. could be associated with toxin binding. Evalu-
ation of the voitage dependence under a variety of condi-
tions will be needed to choose among the different alterna-
tives. These data should permit determination of the

position, within the transmembrane field, of the toxin
binding site, or identification of the nature of an assaciated
voltage-dependent reaction.

Because sodium channels normally inactivate within a
few milliseconds after opening, peak sodium currents
during depolarizing steps from hyperpolarized holding
potentials are normally used to determine channef avail-
ability for conduction. Voltage-dependent block by TTX or
STX would be missed if such a voltage-clamp method were
used to study the degree of block. Because of the slow
association and dissociation rates for STX and TTX
binding, a relaxation time of several seconds, at nanomolar
concentrations, is expected for a new stewdy-state block to
be reached. Thus, the decrease in peak sodium current
during a single test pulse indicates the degree of block at
the holding potential, because the block cannot re-
equilibrate within the duration of the test pulse. The use of
BTX, which inhibits sodium channel inactivation (Albu-
querque et al., 1976; Khodorov, 1978; Huang et al., 1982),
has allowed us to study the voltage dependence of block by
STX in the steady state.

MATERIALS AND METHODS

Planar Bilaye. Formation

Planar bilayers were formed by the technique of Mucller et al. (1963)
across a hole (0.25 mm diam) in a polystyrene partition separating
solutions containing 0.5 M NaCl, 0.15 mM CaCl,, 0.1 mM MgCl,, 0.05
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mM EGTA, 10 mM Na-HEPES, pH 17.0. The membranc-forming
solution contained 33 mg/ml phosphatidylethanolamine (bovine brain)
and 13 mg/mi phosphatidylserine (bovine brain) in decane. The phospho-
lipids were obtained from Avanti Polar Lipids (Birmingham, AL); decane
was repurificd before use by passage over neutral alumina. Saxitoxin
{paralytic shellfish poison standard) was obiained from the Food and
Drug Administration (Cincinnati, OH); BTX was a gift from Dr. John
Daly (NIAMDD, 9¢thesda, MD).

Preparation of Membrane Vesicles

Membrane vesicles were prepared (rom rat brain as described by Krueger
ctal. (1979). Bricfly, rat forebrains were homogenized in isotonic sucrose
using a cavitating tissue disrupter (Uitraturrax, Tekmar Co., Cincinnati.
OH) and the homogenate was subjected to differential centrifugation.
The 1,000 g and the 10,000 g pellets were discarded and the 100,000 g
pellet (Py) was resuspended in 0.4 M sucrose at 10-20 mg protein/ml.
Aliquots ol P, were storeu at —77° for up to six months without loss of
activity. This fraction was enriched about fivefold in *H-STX binding
sites as compared to the crude brain homogenate (Krueger et al., 1979).

Incorporation of Sodium Channels

{ncorporation of sodium channels was accomplished using the “fusion”
technique (Miller, 1978; Cohen et ai. 1980; 1982). The membrane vesicle
suspension (100-500 ng/mi protein) was added to the cis side of a
preformed planar bilayer and BTX (600 nM) was added to the trans side.
The conductance of the membrane increased in steps, each reflecting the
incorporation of one to several single sodium channeis (Krueger et al.,
1983). Following incorporation of the desired number of channels (nor-
mally one to five), the cis side was perfused with vesicle-free solution.
STX was added to the cis side from a 1,000-fold concentrated stock
solution.

Data Acquisition and Analysis

The current across the bilayer was measured and command voltages
applied to the bathing solutions via a pair of Ag/AgCl clectrodes. The
side to which brain membrane vesicles were added was designated the cis
side; the opposite (trans) side was held at virtual ground. Prior to addition
of biological material, the conductance of the bilayer was <20 pS (~10°*
S/cm?) and the capacitance was ~0.5 uF/cm’. Two current-to-voltage
converters were used in these studies, one having a bandwith of ~80 Hz
and the other ~500 Hz Similar resuits for the steady-state wiltage
dependence of gating of BTX-activated sodium channels, in the absence
of STX, were obtained with each of these converters. The faster amplifier
was built using an LF157H operational amplifier (National Semiconduc-
tor, Santa Clara, CA), and a 10° (¢ 1%) Q feedback resistor (Eltec model
102). Data were recorded continously using an FM tape recorder (Vetter,
model B) during an experiment, at or near the bandwidth of the
current-to-voltage converter. Subsequently, the data were digitized in
4,096 point-segments at 1, 2 or 5 ms per point using a Nicolet 2090-3A
digital oscilloscope, and the digitized records were stored on floppy disks.
Data transcription and analysis were conirolled by a microcomputer
(Micro 11, Plessey Peripheral Systems, Irvine, CA) based on an LSi-11/2
processor (Digital Equipment Corporation, Maynard, MA). Software for
data handling and analysis was developed using the interpretive language
of DAOS (Data Analysis Operating System, Laboratory Software Asso-
ciates, Melbourne, Austrafia). ~

For analysis of STX-induced current fluctuations, the records were
filtered (low-pass) with a corner frequency of 30 Hz using an cight-pole
Bessel filter (902 LPF 1B, Frequency Devices, Haverhill, MA). This
climinated most of the brief closing fluctuations caused by the voltage-
dependent channel gating process, lcaving visible the longer events which
were primarily due to STX block and unblock. Even at a bandwidth of
500 Hz, many of the visible transitions resulting from the voltage-
dependent channel gating were incompletely resolved. We have not
attempted a dwell-time analysis of these fluctuations.
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All records weve visually monitored on a CRT display during analysis.
Limiting current levels used in determining the fractional open times, and
discriminator levels for the dwell-time analyses, were checked against a
whole group of records before carrying out the analysis. If necessary, the
sclected valucs were changed to accommodate small shifts in the bascline
within a series of records. Also, all analyses were oriented toward the
interval, usually the whole record, demarcated by two vertical cursors.
When necessary, we excluded from the analysis abnormally noisy
segments of records—for cxample, occasional perinds of high {requency,
nonquantai fluctuations possibly caused by partial, reversible, breakdown
of the membrane.

Fractional upen times, resulting from voltage-dependent channel gat-
ing and from STX block of the channels, were determined independent of
the dweil-time analysis. The background leakage current, i, across the
membrane, with all incorporated channe!s closed or blocked, was deter-
mined cither by setting a horizontal cursor at the low conductance edge of
the envelope of these fluctuation, or by averaging cursor-selected, long,
well-defined events during which no channels were conducting. The
maximum current, i, (all channels conducting) was dectermined in an
analogous manner. The average current, (i ) over a long stretch of
record (averaging ~20 s for gating, or ~170 s when studying STX-block)
was determined. The fractional open time, f, is then given by

fn-((’) —’L)/('nn—iL) (l)

and the fractional closed or fractional blocked time is (1 — f).

Dwell-time distributions were determined, one conductance level at a
time, by scanating records for periods when the current fell in a target zone
between two discriminator levels. These discriminator levels were cen-
tered between the conductance level of interest and the adjacent ones on
cither side. The program was based on a digital triggering routine which
recognized positive or negative slope transitions into or out of the target
zone. Dwell times were scored £s a density function that recorded the
number of occurrences at each possible dwell time. After scanning a
complete set of records, cummulative distritution functions were calcu-
lated (sex Fig. 7) to display the total number of events lasting at least as
long as any given time, £. If 2 conductance level corresponds to a single,
time-homogencous, Markovian kinetic state (e.g., Colquhoun and
Hawkes, 1981; French and Horn, 1983), these distributions should be a
single exponential with a mean value equal to the time constant for decay
of the exponential. In fact, for 19 calculated distributions, based on an
average of 126 events each, the time constants, r, were linearly dependent
on the mean dwe!l times, (¢) (correlation cocfficient, r = 0.97) with a
slope of 1.3. Thus, the distributions were approximately, but not perfectly,
exponential, with more short events than expected. These additional
events may have been due to the transient, partial breakdown of the
membrane already mentioned, or to come iafrequently occupied, poorly
resolved, and short-lived kinetic state. We cannot choose between these
alternatives. In the Results and Discussion sections that follow, we define
the characteristic dwell-time constant, r, for a distribution as the value
obtained by a linear least-squares fit of the cumulative distribution to the
function

InN(t) =InNy - tf7 (2)

where N(1) is the number of events with a lifetime of at least ¢, and Ny is
the total number of observations. The fits were performed over the decline
of the distributions from Ny to a value of ~0.05 Ny. (For each of the 19
log-transformed cumulative distributions, » > 0.97.)

Voltage Convention

In this paper we have expressed all voltages in the normal cellular
physiological convention (inside minus outside) on the assumption that
STX acts only from the extracellular side. This is the reverse of the
convention, £, = E(cis) — E(trans), used in a numa ¢r of planar bilayer
publications and by Krueger et al. (1983).

RECONSTITUTION




RESULTS

Single-Channel Current Fluctuations Due
to Gating and Due to STX Block

Fig. 1 illustrates the two temporally distinct populations of
current fluctuations through sodium channels in bilayers
when both BTX and STX are presert. The first of these
consists of briel closing events that generaily last for
periods of a few tens of milliseconds or less, and appears to
include many events that are too brief to be compietely
resolved at the bandwidth of our recordings (cf. Quandt
and Narahashi, 1982). When viewed at sufficiently high
resolution, many other fluctuations are seen as roughly
square current steps, which consistently correspond to a
unit conductance of ~30 pS in 500 mM NaCl (see Fig. 3).
This population of brief closures, from a well-defined
“open” current level, can be seen in both the absence and
the presence of STX (see upper and lower records in Fig.
1). We presume that these relatively rapid fluctuations are
due to the voltage-dependent gating of the BT X-activated
sodium channels. The steady-state voltage dependence will
be discussed in more detail below. Observations on numer-
ous preparations appear to show a slight but systematic
variation in the kinetics of the fluctuations when the
voltage was changed from —60 mV to +60 mV. At
positive potentials, closings were sl.ghtly less frequent, but
tended to be somewhat longer in duration. However, cver
this entire range, the channels remained open almost all

+00m¥Y OmV ~00 mv

FiGURE 1 Current fluctuations from a membrane containing two BTX-
activated sodium channels. A downward deflection in the current record
represents an inward (cis (0 trans) current across the bilayer. Zero
current levels are shown by the arrows. Top trace: control record. The
channels remained open almost all of the time, with bricf closings towards
the zero-current level. These closings were presumably dve to the
voltage-dependent gating of the channels. The +60 mV segment was
actually recorded after the — 60 mV segment, but is shown here preceding
the - 60 mV segment to [acilitate comparison with the lower record taken
in the presence of STX. Capacity transients are limited by the range of
the pen sweep. Lower trace: record taken after addition of | nM.STX to
the cis side. The long closing steps, including an extended period during
which neither channel was conducting, were most likely due to block of
individual channels resuiting from the binding of STX. Records were
filtered (low pass) at 60 Hz on playback.
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(>98%) of the time. This point will become important in
our analysis of the voltage dependence of STX block.

Examining the lower scction of Fig. 1, it is immediately
obvious that a number of “closing™ events of much longer
duration appear after addition of STX. In fact, “closing™ of
the channels becomes much mo-e probable and, at —60
mV, there are several intervals during which neither
channel is in the conducting state. These long periods
during which one or both channels are “closed” occur only
in the presence of STX, and hence it is reasonable to
corclude that they are caused by STX block of the
channels rather than by closing of the channel gates. This
conclusion is also supported by the observation that the
probability of entering one of these long-lived “closed”
states increases proportionately as the STX concentration
is increased (Krueger et al., 1983, and see below).

Fig. 1 illustrates two further points. At +60 mV, with |
nM STX present, no particufarly long-lived “closing™ step
occurs. Immediately after the voltage change to ~60 mV,
~30 s follow in which there is still no extended *“closure. "
Botli channels remain open for most of this time. At longer
times, however, there are continuous stochastic current
fluctuations including pericds during which both, one, or
neither channel is blocked.! (Only the O-channel and
l1-channel levels are shown after the initial blocking event
in Fig. 1, lower trace.) Thus, the lower record in Fig. 1
hints at two conclusions: that negative voltages favor block
by STX, and that it takes many seconds to establish a new
stationary-state following a step in voltage at this STX
concentration.

Dependence of the Operi and Blocked Dwell
Times on STX Concentration

If we are to establish that the slower population of fluctua-
tions, just described, are caused by STX binding to and
dissociating from the channels, two criteria shouid be met.
First, the lifetime of the blocked state should depend only
on the intrinsic rate of dissociation of the blocker from the
channel, and hence should be independent of STX concen-
tration. Second, for any given channel, the lifetime of the
open state wil! depend on the rate of binding of the toxin,
which, for a 1:1 stoichiometry, would be directly propor-
tional to the STX concentration. This prediction may be
genceralized to apply to a membrane containing several
channels using the birth-death analysis applied by Labarca
et al., (1980). With the additional assumption that chan-
nels present in the membrane are blocked independently of

'In Fig. 1 (bottom trace) the time spent at the two-channel level (reither
channel blocked) prior to the long “closure™ after changing to —60 mV is
about equal 10 the mean dwell time /28 s) predicted by the rate constant
for STX block determined later in the paper. The calculated probability
that both channels would remain unblocked for at least 30 s following the
voltage stepto —-60mV is p « 0.34.

303




one another, one predicts the following relations
1/, = AN 3)

where 7, represents the characteristic dwell-time constant
from the distribution of “zero-channel-open™ dwell times,
n is the number of channels in the membrane (n = 7 for the
experiment that was analyzed in detail for this paper), and
A 1s the rate of dissociation of STX from a single channel
(in s~ '). In addition,

1/r = (n ~ k)X + kB[STX]. (4)

Here, 7, is the characteristic dwell time in the current or
conductance level for which k channels are open, and g is
the rate constant, in M~' s~', for binding of STX to the
channel. For the one-channel level, as one approaches
conditions under which all channels are blocked, 1/
approaches 8{STX].

In Fig. 2, we plot the characteristic reciprocal dwell
times against [STX] at +58 mV, for the zero- and
one-channel levels. The value of 1/r, increases linearly
with [STX] (slope = 1.1 x 10°* M~'s™"), while on the same
scale, 1/, is essentially independent of STX concentration
(r = —0.28). The zero intercepts of the regression lines do
not differ significantly from the predictions of Egs. 3 and 4,
given the scatter in the data. Thus, the fluctuation kinetics
are consistent with the commonly accepted 1:1 stoichiome-
try for STX binding to the channels.
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] 1 2 3 4 5
STX CONCENTRATION (M)

FIGURE 2 Dependence of the reciprocal dwell times on the STX
concentration. Dwell times at each concentration were estimated as
described in Materials and Methods. The reciprocal dwell time in level 0
(no channzls open) is determined by the rate of STX unbinding from the
channel, and is independent of STX concentration. The reciprocal dwell
time in level | (one channel conducting) is primarily determined by the
rate of STX binding, and is linearly dependent on STX concentration.
Lines shown are linear least-square fits to the data. For level 1, slope = 1]
x 10* M~ 's" and the correlation coefficient, r = 0.93. For level 0, r =
~0.28. E - +58 mV.
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Voltage-dependence of Gating of
BTX-activated Sodium Channels

The data presented in Figs. 3 and 4 show how a channel's
intrinsic, voltage-dependent gating determines the proba-
bility that a channel will be found in the open state. In the
sample current records at —70 mV (Fig. 3, right),
presented on a time scale expanded about 20-fold with
respect to those of Fig. 1, one can see only a few closing
fluctuations in the current record. Although at —-70 mV
most are too brief to be completely resolved, many more
closing fluctuations are visible as the voltage is further
hyperpolarized to —80 mV, and at —90 mV the channel
flickers rapidly between open and closed states, spending
an almost equal fraction of the time in each. At —~100 mV
the channel is closed ~3/4 of the time. A parallel illustra-
tion of this voltage-dependence appears in the frequency-
amplitude histograms, in which the number of data points
at each conductance level is plotted against conductance.

In Fig. 4, we have defined the operational range and
steepriess of this voltage-dependence by fitting the frac-
tional open time, f,, to a Boltzmann function of the
voltage, £:

So= 1/l + exp(qFIE — Eq5}/RTL. (5)

The precise values taken by this function are determined
by the parameters g, the apparent gating charge, and E,,
the voltage at which f, = 0.5. The value of ¢ determines
the slope of the curve and E, is the midpoint of the range
of voltages over which f, changes. Actual values of these
parameters were obtained by a linear least-squares fit to
the following function derived by rearranging Eq. 5.

In({1 - foi/fo) = 4F(E — Eo5)/RT. +0)

70 mV .'.....'.....~._.._.._..<J
—_— .

-80 mV M—Mo

————— e

Q

—QOMV wasibmAaNTT 0

-100 mV ’5~'-"~:“,-‘“.'"""'"‘7~“'-"0

4DAI 3—1-.—|

FIGURE 3 Voltage dependence of gating of a single, BTX-activated
sodium channel. Histograms of frequency of occurrence vs. conductance
(left), and sample digitized records (right) are shown. A downward
deflection in the current record represents an inw > =d (¢is to trans) current
across the bilayer. The arrow on the right side ot each current record
indicates the zero-current level. The vertical bar at the bottom of the left
panel indicates 500 points for the histograms; the spacing between the
arrows below the histograms is 30 pS. Records were futered at 80 Hz on
playback from an FM recorder. In the range of ~70mV to — 100 mV, the
channel goes from spending most of the time in the open state (-~ 70 mV)
to spending about 3/4 of the time in the closed state (~ 100 mV).
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FIGURE 4 Voitage-dependence of channel gating. The fractional v 'en time (f,) is plotted vs. voltage (/efr) and the same data are plotted in
linearized form, tn[ £,/(1 = £ )] vs. E, on the right. The linearized data were fit by the assumpticn that the channel spends 50% of its time open at
E4s = —93 mV, and that there is a gating charge of Se”/channel. Further details appear in the text. Data are from the same membrane as those

shown in Fig. 3.

The values obtained—an apjarent gating charge of 46
electronic charges/channel (5.6 + 1.0, SE, three experi-
ments), and a haif-open voltage of E =« ~93 mV (-93 = 5
mV, SE, three experiments)—are close to those deter-
mined from macroscopic current measurements on BTX-
activated sodium channels in voltage-clamped neuroblas-
toma cells (Huang et al., 1982). The key point to be made
for the purposes of this paper is that the probability of the
channel gates being found open changes significantly with
transmembrane potential only over a restricted range of
voltages that is more negative (hyperpolarized) than —60
mV.?

Saxitoxin Block is Voitage-dependent in a
Range Where the Channel Gates Remain
Open

The remaining results are based on long records taken in
the presence of STX from a membrane containing seven
sodium channels. It can be seen from Fig. 5 that all
channels are blocked almost all of the time by 320 nM

Although we have no direct knowledge of cither the resting potential in
the cells from which our channels originated, or the normal conductance-
voltage relation for these channels in the absence of BTX, it scems likely
that, as in cellular preparations, BTX . sitions the conductance-voltage
curve at more hyperpolarized potentials than normal. Our jonic condi-
tions, which were chosen to facilitate channel incorporation and to provide
a reasonable signal-to-noise ratio, include higher than physiological
monovaient ion concentration: and internal (frans) calcium, and lower
than physiological external (¢is) calcium. Millimolar concentrations of
internal calcium had little or no effect on sodium conductance-voltage
‘relations in squid sxon (Begenisich and Lynch, 1975). Lowered external
caicium generally shifts conductance-voltage relations in the hyperpolar-
izing direction (Frankenhauser and Hodgkin, 1957; Hille et al., 1979),
but the magnitude of this shift would be reduced by the high monovalent
ion concentration (Hille ¢t al., 1975). These data suggest that our jonic
conditions might produce a negative shift in the £, va. £ relation, on the
oeder of 10 mV.
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STX at ~60 mV, whereas, at +58 mV, up to three, and
occasionally four, of the seven channels in the membrane
were open simuitaneously. At these voltages, channels
remained open >98% of the time in the absence of STX
(see control record, Figs. 1 and 3). Block by STX thus
appears to be voltage-dependent. We have observed, with-
out exception, qualitatively similar voitage dependence in
cach of six experiments.

To examine the voltage dependence of the steady-state
fractional block quantitatively, we determined, from
extended recordings, the mean current, corrected for the
conductance of the bilayer with no channel conducting.
The fraction blocked, f,, was then estimated as

Su=1-/, )

where £, is the fractional open time defined by Eq. 1. Plots
of 1/f, vs. 1/[STX] were then used to estimate the
apparent dissociation constants, at these voltages, for the

-80 WV +58 mv

FIGURE 5 Vollage dependence of current fluctuations due to blocking
and unblocking of the sodium channels by STX. Current traces from a
membrane containing seven sodium channels, with 320 nM STX on the
cis side, are shown. A downward deflection in the current record
represents an inward (cis 10 trans) current across the bilayer. At —60
mV, 16 traces are superimposed; at + 58 mV, 24 traces are superimposed.
The records were filtered (lowpass) at 20 Hz on playback from FM tape.
The common level, indicated by the arrows, corresponds to zero current,
and the currert increment between adjacent levels is ~1.8 pA. Notice that
there were never more than two channels simultaneously open at —60
mV, and never more than four open at +58 mV, even though control
records showed current corresponding to seven channels. The voltage
dependence seen here must be due (o a voltage dependence of STX block
since the channcls remain open essentially all of the time at these voltages
in the absence of STX (vee control trace, Fig. 1).

3os

-y

‘.l

4

'

R |
PR T R S

Ty

» .
PP
PRI

S S AR

B b P AP

IO R ]

PR



STX block from the equation
1/fUE) = 1 + K(E)/[STX]. (8)

At E = -60 mV, we had sufficient data to estimate f, at
only two STX concentrations. In that case we made two
discrete estimates of K (—60) by substituting f,(-60)
and [STX] directly into Eq. 8 and solving for K,(—~60 mV)
(Fig. 9,90).

As indicated by the increasing slopes of the reciprocal
plots in Fig. 6, K,(E) increases with increasing voltage, a
quantitative expression of the observation noted earlier
that the Jdegree of block was reduced at positive voltages
(Fig. 5). The actual dependence of K, on £ is shown in Fig.
9, where we compare these estimates from steady-state
measurements (open symbols) with those from indepen-
dent kinetic determinations (e).

Voitage Dependence of the Apparent
Binding and Dissociation Rates

A marked decrease in the dwell time for the single-channel
open level, produced by changing the voltage from +58
mV to —60 mV, is clearly apparent in Fig. 7. This indicates
an increase in the binding rate for STX over this range. In
Fig. 8, we show the rate constants for binding (blocking),
8, and dissociation, A, calculated from Egs. 3 and 4, plotted
semilogarithmically against voltage. The voltage depen-
dence shown by the two rates is complementary, 8 increas-
ing and A decreasing as E is made more negative. The
regression lines for the semilogarithmic plots in Fig. 8
suggest that in each of the binding and dissociation steps a
single, elementary charge responds to ~30% of the trans-
membrane voltage or, equivalently, two charges sence 15%.
Negative voltages, which attract the cationic toxin toward
the inside of the membrane, speed toxin binding and slow

FIGURE 6 Reciprocal plots of dose-response data for STX block at
three different voliages. The reciprocal of the fractional block of the
sodium channel current is plotted vs. the reciprocal of the STX concentra-
tion, with linear regression lines (r > 0.90 in each case) for each sct of
data. Data are from the same membrane as that in Fig. 5. Points shown
are for £ = +58 mV (¢), +30 mV (0) and for ~30 mV (half-filled
circles). Apparent dissociation constants derived from these data are
plotted as a function of voltage in Fig. 9.
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FIGURE 7 Voltage dependence of open-state dwell times. Cumulative
dwell time distributions are shown, for £ = +58 mV and ~60 mV for the
one-channel-open conductance level, from the same membrane as for Fig.
5. The abscissa represents time, and the ordinate repre ients the number of
cvents that lasted at least as long as the time, 1. Lefi, complete
distributions using a linear scale on the ordinate; right, semilogarithmic
plots of the same data. Ny, the total number of cvents observed at each
potential, was 58 at +58 mV and 75 at —60 mV. The straight lines
through the data are linear regression lines through the log-transformed
data. In the left-hand parts of the figure, the vertical cursors indicate the
segment of the distribution that was used for the fits shown on the right.
Notice the marked decrease in the open (unblocked) state dwell times
when the voltage is changed from +58 mV to —60 mV. Data were
collected in the presence of 320 nM STX. The time scale bar represents 1
s (left [rame) and 0.5 s (right frame) .

its dissociation. Quantitatively, for the data in Fig. 8, this
information is expressed in the following relations:

Ag = Ao exp(0.28 FE/RT) ()]

Be = By exp(—0.35 FE/RT) (10)

where Ag = 0.09557" and 85 = 0.935 x 10’ M~ s~". The
value obtained here for § at E = 58 mV (0.38 x 10' M’
s~') may be directly compared with the slope (1.1 x 12/

g

RATE CONSTANTS
=4

a0t
L 1 —J
-0 0 60
E(mV)

FiIGURE 8 Dependence on voltage of the apparent binding and dissocia-
tion rate constants for STX block of the channels. The rate constants were
derived (rom the reciprocal dwell times under the assumption that cach of
the seven channels in the membrane could be independently blocked by
STX. The lines shown are linear least-square fits to the logarithm of the
rate constants (correfation coefTicients, 7 = 0.98 in each case). Notice that
the blocking and unblocking rate constants show a voltage dependence of
approximately equal steepness but of oppasite sign, such that hyperpolar-
ization speeds blocking and slows vnblocking. Units on the ordinate are
s~ for unblock and 10* M~' 5! for block. Further details of the analysis
are in the text. The rate constants were determined from dwell times
measured in the presence of 320 nM STX.
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M 's7') of the plot of reciprocal open dwell times vs. STX
concentration in Fig. 2. Part of this discrepancy can be
explained by the filtering of the records prior to analysis.
As the STX cuncentration increases, consequently decreas-
ing the open (unblocked) dwell time, the filtering obscures
a higher and higher fraction of the open (unblocked)
events. At the highest STX concentration used in Fig. 2, up
1o 10%-20% of the unblocking events would be expected to
20 unrecognized.

The apparent dissociation constant K,(E) = Ag/Ss may
be calculated from these data, and the derived estimates
agree closely with those obtained from the steady-state
block measurements mentioned earlier (compare open and
filled symbols in Fig. 9). In the context of a model in which
STX must enter the membrane field (cf. Woodhull, 1973),
K E) = exp(z8 FE/RT), where z is the valence (z - 2 for
STX) and § is the fraction of the transmembrane voltage
sensed by the toxin. When K (E), calculated from the
blocking and unblocking rate constants, was plotted
against membrane potential, we determined a value for 28
of 0.63 (8 = 0.3), suggesting that the divaient toxin senses
~30% of the transmembrine field when bound in the
steady state. When X|, determined from our steady-state
{iactional block measurements, was plotted against poten-
tial, we obtained a value for 5 of ~0.4. Hence, 30~40% of
the voluage affects toxin binding, cither directly or indirect-

ly.
DISCUSSION

Hille (1968}, in describing the block of sodium channel
currents in frog node by STX, wrote ... amplitudes of the
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FiGure 9 Apparent disiociation constants for STX block plotted vs.
transmembrane voitage. Two independent determinations are shown.
Open symbols (triangles and circles) were obtained from fractional
blocked times. The open circles were obtained from the slopes of the
regression lines in Fig. 6. Since we only determined the fractional block at
two STX concentrations at — 66 mV, the two individual points are plotted
here (A); the mean of these two points was used, with the open circles, to
calculate the linear regression line (— . The solid symbols and the
dashed line () arc the apparent dissociation constants, and the corre-
sponding fit, obtained from the rate constants estimated from the dwell
times (sce Figs. 7 and 8). The half-filled circle represents the superposi-
tion of an open and a solid circle.
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peak sodium currerits were reduced by the same fraction at
every voltage, whether the current is inward (negative) or
outward. " That study, and others (for reviews, see Nara-
hashi, 1974; Ritchic and Rogart, 1977} strongly suggested
that one toxin molecule bound to each channel to nroduce
block. Subsequently, kinetic studies (Schwarz et al., 1973)
showed that equilibration time constants for TTX—a toxin
showing comparable binding affinity, block, and unblock
folloving a step in toxin concentration—were on the order
of tens of seconds at concentrations near the dissociation
constant. It became clear that measurements of peak
sodium current during a depolarizing voltage step from a
fixed potential would assay the degree of block for the
steady state reached at the holding potential prior to the
pulse. Later studies by Almers and Levinson (1975),
Ulbricht and Wagner (1975 a, b), and Cohen et al. (1981)
examined the cffect on TTX block of steady depolarization
preceding a test pulse. In addition, Krueger et al. (1979)
examined the effect of potassium-induced Jdepolarization
on 'H-STX binding to rat brain membrane vesicles. All of
these studies appeared to support the carlier conclusion
that block by STX was due to voltage-independent binding
with a 1:1 stoichiometry.’ The question then arises, why
should the toxin block appear to be voltage-dependent for
BTX-activated sodium channels incorporated into
bilayers?

There are at least three explanations for this voltage-
dependent biock by STX. The voltage dependence that we
observed may simply have been overlooked because of the
length of the equilibration times compared with the usual
duration of voltage clamp pulses. The macroscopic relaxa-
tion time constant can be calculated from the binding and
dissociation rate constants (Fig. 8) using the expression

Ta = /(A + B[STX]). (1)

Using the rate constants for £ = 0 mV, 74 = 5.3 s when
[STX] = 10 nM. Although the long relaxation times for
TTX and STX block were not taken into account in some
carlier studies, this first possibility can probably be dis-
carded on the basis of “he careful studies of Ulbricht and
Wagner (1975 a, b), Almers and Levinson (1975), and
Cobken et al. (1981).

The second possibility is that BTX modification causes
the toxia block t¢ become voltage-dependent. This possibil-
ity is of interest in light of the observation that BTX
induces changes in the ion selectivity of sodium channeis
(sec Khodorov, 1978, for a brief review). To date, we have
been unable to address this question in our preparation,
since with the relitively large bilayers used in these studies
we lacked the necessary current-time resolution to study

*A report by Baer et al. (1976) that depolarization enhances TTX block of
cardiac sodium channcls has been challenged on technical grounds
{Cohen and Strichartz, 1977, Cohen et 2., 1981) and is.not supported by
more recent voltage clamp studies (Colateky and Gadsby, 1980; Cohen et
al. 1981).
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sodium-channel currents in the absence of BTX. However,
published reports suggest that both binding of *H-STX
(Krueger et al., 1979) and block of sodiuin channels by
TTX (Mozhayeva et al,, 1982) are unaffected by BTX
activation.

The third possibility is that one of our experimental
conditions either indnces or accentuates the voltage depen-
dence. Specifically, we uzed calcium and sodium at the
physiological inner surface »f the channels in concentra-
tions about 100-fold higher than those found in intact
nerve. Binding of a cation to a site accessible from the
inside, within the transmembrane field, might repel the
cationic toxin from a binding site at the outer surface, and
would thus confer voltage-dependence on the block, with
the orientation that we observed. At concentrations far
below their dissociation constants, binding of the “compet-
ing” ions would be negligible regardless of voltage, hence
voltage would have no significant effect on STX binding.
This mechanism is related to the “modified competition”
proposed by Ulbricht and Wagner (1975 a) to account for
an apparent voltage dependence of TTX binding seen only
at low pH. The third possiblity could be tested by varying
the composition of the solution at the inner surface of the
channels (the trans side). Specifically, if STX binding
{which may be intrinsically voltage-independent) can be
prevented or reduced by the occupancy of a cation binding
site accessible from the inside and within the membrane
field (i.e., occupancy of that site would be voltage-
dependent), then the apparent voltage dependence of STX
block should be reduced by lowering the sodium and/or
calcium concentrations on the inside of the membrane. We
are now performing experiments to test this possibility.

With regard to the specific melecular basis of the
voltage dependence, it will also be of interest to examine
the effect of voltage on TTX block of these channels, since
TTX is monovalent at physiological pH, while STX is
divalent. If these blockers enter the transmembrane elec-
tric field to block the channels, one might expect the block
by STX to be more strongly influenced by voltage. None-
theless, the experiments may not necessarily lead to an
unambiguous conclusion, as the effect of voltage on the
action of divalent cations with two separated charges can
show a complex dependence on their size and molecular
structure (Miller, 1982). The larger size of STX (the
charges are separated by ~3 A) makes it possible that each
of the charged groups would penetrate a different fraction
of the transmembrane voitage.

Two observations have been made in other systems, from
which it appears that depolarization may be able to reduce
the degree of TTX block. In cardiac muscle, a slight
reduction, by depolarization, of biock of background
sodium conductance is shown in Fig. 1 C of Colatsky and
Gadsby (1980). This parallels our own observations, but
the effect is less marked. Aithough Mozhayeva et al.
(1982) were addressing an apparently unrelated phenome-
non (viz., an irreversible effect of TTX on gating of
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BTX-activated sodium channels), their records (Fig. 1 C)
show a slow, steady increase in current amplitude toward
the end of 50-100-ms depolarizing pulses. This could be
the result of slowly relaxing, depolarization-induced
release of TTX block of the BT X-activated channels.
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Session Chairman: Alan Finkelstein Scribes: Lawrence B. Weiss, Juli Lai
Weiss, and Charies L. Bowman

PAPPONE: In your paper you give two possible explanations for the
voltage dependence of STX block of BTX-modified Na* channels. It
<ould be an effect of the BTX modification or of the unphysiologic Na*
concentration on the frans side. Do you have any dats which address this
question?

FRENCH: These may be two distinct issues. Firstly, is BT X modification
required (or the voltage dependence? Secondly, when voltage dependence
occurs, is it due to an interaction between STX and some “internal” ion?
At this point, we have not done experiments at wide enough bandwidths to
study the channels in the absence of BTX and thus resolve the question of
primary BTX cffect. Krueger et al. have addressed this in K * -depolarized
synaptosomes and found no effect of 3TX on STX binding. This question
is raised for our system because the Na* concentration on the trans side
was orders of magnitude higher than physi:logic concentration. There-
fore, the possibility is raised that Na* may displace BTX. We have no
direct evideace for this.

PAPPONE: Because you have interpreted the voltage dependence of
block by STX 1o mean that STX has moved into the channel and because
STX and TTX have different numbers of charges, have you compared the
voltage dependence of these two toxins?

FRENCH: Yes. We have some preliminary results and have found that
TTX exhibits the same voitage dependence as STX.

FINKELSTEIN: Is it correct that for both STX and TTX there is an
e-fold change in block for 40 mV?

FRENCH: Yes.
RUBINSON: | would argue that it is something other then the movement

of the next charge on the toxin in the membrane ficld that is causing the
effect.
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FRENCH: | would agree.

FINKELSTEIN: Could you clarify your point about the experimental
Na* concentrations?

FRENCH: We used symmetric 0.5 M NaCl in our experiments.

ANDERSEN: n collaboration with Bill Greei: «nd Larry Weiss, | have
done similar experiments wita dog brain synaptosomes. Barring any
major specics difference, we have encountered the same voltage depen-
dence for TTX binding to BTX-modified Na' channcis. This voltage
dependence is comparable with that reported here and is independent of
Na* concentration. We have also found the K, for TTX block at a given
potential varies with Na* concentration. Between 50 mM and 2.5 M
NaCl there is no change in the voltage dependence of TTX block and
there appears to be a competitive interaction between Na* concentration
and TTX block. This raises the question of whether or not TTX and STX
bind in the permeation pathway. Further, aithough the block induced by
STX and TTX are voltage dependent, we don’t know if the binding of
these soxins is voltage dependent or if the block represents an independent
process. Is there any evideace whether these neurotoxins bind in the
permeation pathway or whether they bind at an allosteric site?

FRENCH: There is no direct cvidence. The idea that STX and TTX may
act as a plug is suggested by the fact that these toxins contain guanidin-
ium groups, and that guanmidinium can carry current through the Na*
chaanel.

YEH: The resuits of owr (Tanguy, Narahashi, and Yeh, unpublished)
experiment with BTX on Na* channels in squid axon membranes support
the idea that BTX modification causes the toxin (STX) block to become
voltage-dependent. As had been reported in many other preparations,
BTX has two major cffects on the gating kinctics in squid axon; it opens
Na* channels at very negative potentials and it removes Na* inactivation.
In addition, BTX-modificd Na* channels have diffzrent pharmacological
profiles. For example, in the presence of 10 nM STX, the Na’ current at
- 80 mV was suppreased to ~ 50% of the control, whereas at +20inV, the
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suppression was <20%. Thus the blocking action of STX in BTX-
maodified channels is voltage dependent.

Furthermore, this voltage-dependent block occurs very rapidly, as
reflected in the lack of time dependence of the unblocking rates. This is in
marked contrast 19 the effect of STX on normal Na channels. As French
pointed out, ST, block of normal Na* channels is not voitage dependent
and the unblocking rate is rather slow.

MOCZYDLO'WSKI: In Chris Miller’s lab, we have been studying Na*
channeis frym rat muscle in bilayers and vur data confirm that of Olaf
Andersen and Pobert French with respect to the voltage dependence of
toxin binding. In collaboration with Gary Strichartz and Sherwoed Hall,
we have studied six different derivatives of STX in which the net charge is
modified by sulfate groups. The various toxins bear a net charge from 0 to
+ 2. All these toxins exhibit the same voltage dependence. Our findings on
Na* competition reveal oniy an effect on the association rate with no
effect on the off ratc constant in the range of 40-600 mM Na*. In the
simple competitive modei, this suggests that the binding constant for Na*
is voltage independent while toxin binding to this site is voltage depen-
dent.

FRENCH: Those observations arguc against the voltage dependence
being due to Na* from the inner side because this would probably modify
the off rate.

ANDERSEN: We find no change in the off rate constant from 50 mM to
2.5 M Na', making it unlikely that there is an effect of Na* from the
inner side. There is, however, a flaw in this aigument. If thereisa 1.0 mM
Kpn for Na* to an inner binding site, we may really be looking at a
Na*-TTX interacticn in 2 doubly occupied channel.

HALL: Because your experiments are done in decane-containing mem-
branes which exhibit electrostrictive thinning, can you be sure that this
deformation is not the origin of your voltage dependence?

MOCZYDLOWSKI: We have done experiments in folded membranes
withcut decane, and our results are the same.

BENNETT: If the toxin site is first in the permeation pathway and then
in the blocked state, the entire potential might drop across the single
guanidinium group, independent of the rest of the molecule.

FRENCH: Such a potential profile offers & possible way of explaining the
steep voltage dependence of action of the bulky toxin molecules, but it also
raises two questions. Why don't we see a voltage dependence correspond-
ing to the whole voltage drop? And how would this picture apply to the
more compiex derivatives that Ed Moczydiowski and Chris Miiler have
been studving?
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MOCZYDLOWSKLE What you're propasing is that only one guanidin-
ium is entering the ficld, while the seoond guanidinium would be
completely excluded even though the distance between these two groups is
3-4 A for the saxito in molecule. This explanation scems unlikely.

FINKELSTEIN: ‘o rephrace this important question: in the simple
blocking models it 1as been assumed that the electric ficld is the same in
the tlocked and unblocked ctates, but this model may not be correct. It
may be more corruct to ask, wha. is the voltage profile that the blocking
ion sees when the site is unblocked? And what does it see after the site is
blecked?

BARCH]I: Is the evidence you have presented consistent with a very smali
voltage-dependent change in tertiary or quarternary structure in the
binding site itself?

FRENCH: Yes.

ANDERSEN: | would like to point out another very intcresting finding,
by Almers and Levinson (1975. J. Physiol. (Lond. ). 247:483), which is
usually ciied as evidence for voltage-independent block but which actually
supports voltage-dependent block. In a muscie preparation in normal
NaCl they determined a Ky for TTX binding. These muscles were then
K* depolarized in a2 Na'-free solution and the K, was unchanged.
However, other investigators (Reed and Raftery. 1976. Jiochemistry.
15:944; Barchi and Weigele. 1979. J. Physiol. (Lond. ). 295:383) as well
as ourselves, have demonstrated Na* competition for. TTX binding; thus,
one would expect an increase in K of three-Tivefold. If one now assumes
by going to the Na-free solution a 50-70 mV change in membrane
potential, which should decrease the K three-fivefcld, then one would see
no significant change in Kp. This was their observation.

KRUEGER: It is interesting that our results, which demonstrate voltage-
dependent TTX and STX block, were obtaired with BTX-activated
sodium channels that were open in the steady state. This is in contrast to
sther work in which the membrane poteniizl was held for long times at
either hyperpelarized or depolarized potential: at which the channels
were cither closed or inactivated. It is of interest that Colatsky and
Gadsby (1980. J. Physiol. (Lond. ). 306:20P) reported using a heart
preparation to study the steady-state block of open Na* channels under
conditions where the channels were open but not inactivated. They found
a small but significant shift in the steady-state binding constant for TTX
in the same direcvion as we report here.

ADELMAN: Once TTX or STX bieck has been established, can you
relieve it with a change in voltage and is it time dependent?

FRENCH: This has not been done quantitatively, but on changing the

membrane potential one can see the relaxation to a new level of block
within seconds.
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E. CALCIVN CHAMNELS ERQOM RAT BRAJN IN PLANAR BILAYERZ.

Suamary, Voltage-dependent calciuam channels from rat brain were incor-
poreted into planar bilavers using similar procedures to those described
for sodium channela (29). A meabiane fraction Zrom rat brain
zedian eminance was used as a source of these channels because that region
consists primarily of nerve terminais ‘nvolvad in the relesse of neuro-
hormones (30). Calcium channels are thought to be concentrated in nerve
terainals where they are involved in tha stimulus-coupled release of trans-
aitter from syraptic vesicles, 1i.e., exocytosis (31). In the pressnce of
synmetrical 0.25 X divalent cation, unitary fluctuations were observed with
single channel conductances of S5 pS, 8.5 p3, and 5 pS for Ca**, Be**, and
Sr**, respectively. NMonovalent cations and anions were not measurably
pernsent. Membrane depolarization increasad the mean open channal lifetimes
(decreased the probability of closing) andi decreassed ths i.an closed lifa-
tines (increased the probebility of opening). The open lifetines were
shorter in Ba** that in Ca** or Sr*?”, suagesting & functional relationship
between ion permeation (unit conductance) and voltage-gating (probability
of closing).

The ability to atudy single channels, which have & nuch smaller unit
couductance than zodium channels (5 pS vs 30 p3) was due to the developament
of a new cuvrrent to voltage converter by Dr. Frenca. Some of the sodium and
calcium channel current fluctuations are still too fast to msasure
accurately and faster amplifiers uare now being designed and Zabricated.

The channels incorporated in the planar bilayer have been identified
as calcium channels by zeversl criteria detailed in ref. 29 a copy of which
which follows. To the extent that a direct comparison can be made, these
calcium channels have many properties in coaaon with calcium channels in
other tissues (32-34) including some that have been studied at the singlas
chonnel ievel. (33,34). Ve beliewve that these channels may function to
admit calcium ionc into secretory nerve endings in the rat brain to act as
a trigger for releuse of neurchoracnes. If so, these would be the first
such calciua channels from memmalian central nervous systes toc be studied
at the single chinnel level, and tha first calciua channels of any kind to
be reconstituted into artificial membranes. We xay be in a position to
answer a long-standing question as tc whether ions can pass in both direc~
tions through calcium chennels. While tie norsal direction ia invard, Lee
and Tsisn (35) have shown that potassium and cesiua cen mov: outward
thrcugh cardiac calciur channels (calcium could not be tested). It appears
that in the experiments reported here, divalent ions are moving cutward
(inward movement has not been tested so far for technical reasons). Experi-
Rents are being designed to domonstrate divalent moveamant in both direc-
tiona in the reconstituted aystem, in order to directly resolve tais
question.

Ve have proposed in the renewal application for this contract to
incorporate calcium channels froa heart into planar bilayers and to coapare
their propertiesa with those of brain channels. This is of interast because
of the pharmacological information available about cardiec calcium
channela, particularly with respect to “orgsnic calciuam antagonists"
(33,34). These substanc: s, which are used tc treat certain cardiac arrhyth-
nias, block calcium entry throug:.. heart calc.ium channels. It vill be of
interest to test their effects on calciuam chanrels from nerve.
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Voltage-dependent calcium
channels from brain
incorporated into planar lipid bilayers
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The median eminence was chosen as a potential source of
Ca?* channels because it is rich in nerve terminals which secrete
refeasing and inhibiting hormones that travel to the pituitary
by means of the hypophysial portal system'®. Channels were
incorporated into bilayers (rom membrane vesicies that were
made from rat brain m=dian eminences using a method similar
1o that used {or synapiosomes'® or membrane vesicles'” from
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whole brain. Planar bilayers containing  phosphatidyl-
ethanolamine (33 mg ml™', bovine brain; Avanti Polar Lipids)
and phosphatidylserine (26 mg ml™’, bovine brain; Avanti) in
decane were painted across 8 100-250 um hole in a polystyrene
or Lexan partition separating two chambers'**’, both (except
where noted) containing (in mM) one of 250 CaCl; of
SrCl; or BaCl, with 7.5 HEPES, 0.11 CaCly, 0.075 MgCl,,
0.038 EGTA, pH 7.0 (that is, the divaient cation equilibrium
potential was normally 0 mV). The cis side of the bilayer was
defined as that side of the bilayer exposed to the membrane
vesicles; the oprosite (trans) side was held at virtual ground.
Because, as inferred by their voltage dependence, the channels
incorporated in the bilayer nriented with the extraceilular ends
of the channels {acing the trans side and their cytoplasmic ends
facing the cis side, voltages reported here correspond (0 the
usual cellular convention (inside minus outside).

Within minutes following the addition of the membrane pre-
paration to the cis side in the presence of 250 mM CaCl,, BaCl,
of SrCl,, stepwise current fluctuations of 0.5 pA (Ca®", Sr?*)
or 0.85 pA (Ba’") were observed at +100 mV (Fig. 1a—c). The
bottom current records in Fig. 1a~c show that fluctuations in
current were not seen for any of the divalent cations at =100 mV.
The current leak through the bilayer in the absence of any
channel passing current was symmetrical at 100 mV and cor-
responded 10 & ‘naked bilayer’ conductance of about 7.5 pS.
Figure 1d shows superimposed singic channel current steps for
Ca?*, Ba®* and S** at + 100 mV. Stroatium and barium have
been found to carry current through all Ca’* channels studied,
s0 that the ability of Sr** or Ba** to substitute for Ca®* in
Taintaining Ca’® currents is an important criterion used in
identifying Ca’* channels’. Figure | shows first that with
equimoiar concentrations of the three divaient catioas the
efficacy in carrying current at +100 mV was Ba> Ca=Sr. This
agrees with reports for Ca®* channels in other cell types'™'’.
S d. clear, well-defined current steps were seen for all three
divalent cations at +100 mV, while current fluctuations were
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current Muctuations with S¢2°_ At + 100 mV ., current fluctuations of about 0.3 pA with symmetric divalent cations were d. At - 100 mV,

current fluctuations were not obaerved. Hole diameter: 100 um. d. Companson of single-channel currents with la’*, Ca* and Sr*°

+100 mV. Current records taken wn the presence of each ion were supenmposed. [n all cases, symmetric 280 mM divalent cations were present.
The

Methodn: Sirgic<ch t curremt fluc

were prepared from 1015 rat brain median eminences, as described in ref.

16 with the omemon of the sucrose gradient step. The membranes were suspended in 0.4 M sucrose and could he stored at - 75 °C for at
least 2 montht without affecting the results. Identscal results were ofnained wath hoth fresh and frozen preg . The thawed synag Y
w 0.4 M suctose were (hea soncated (probe type. Braun model 15101 for 205 immediately belore uve. Addition of thi membrane vesicie

np ifinal 0.1-0.5 g protein mi™') cesulted in stepwite current fluctuations'® !, All expeniments were conducted at
foom temperature (19-25°C). The sade to whch membrane veucles wete added was designated the cis side: the opposite (rrans) side was
heid al virtusl grownd. Praateve currents hown m the figures reflect poantive charges moving outward, that is. from the as e to the rans
ade. tn all figures \howm m this ceport except Fig. 2¢. the divalent cation equilibrium potential was O mV. The cut-off [requency of the current
o voltage converter was stumt A0 He. All experments were recorded on FM tape at 600 Hz and. unless otherine nated. sevords were filiered
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Fig. 2 Current voltage relations lor single calcium channels. &,
Ettects of voltage on the magnitude of single-channel currents.
Recowds were taken on the same membrane with symmetnc
250 mM SrCl,. The solid horizontal bars in each record indicate
the current level with ali channels closed. Hole dismeter: 100 um.
Above +100mV. there is a pronounced increase i current flucty-
ations in the open state of the channel. b, Current-voltage relation-
ship for single calcium channels with Ca®°. Ba’* and Sr**. Sym-
metric 23 mM divalent cations, that is, the zero-current potential
and divalent cation equilibrium potentisl were at OmV Single-
channel conductances for (l". Ha?” and S¢7° were SpS 8.5pS
and S 8, respectively. ¢. Single-ch 1 current voltage relations
with symmetrical 250 mM Sv(‘l. {A. same data as in b) and with
257 mM NaCl, 6.1 mM StCl, on the ineas sude and 250 mM SrCly
on the cis side (&) The equ'hhnum potentials {calculated from
1 {ur these exy were: A (\y 1 b, =
EmmV: A Gavmmetric), B, = ~47mV. by =49 mV. 1, =
nomminallv phis ntimts. The shopes of the lincar regression (vlndi
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not seen at — 100 mV. Thus, the gating of these single channels
is voltage-dependent. Since single-channel current fluctuations
continued to be otnerved for many seconds following a voltage
slep. the dunncls under these experimental conditions do not
pletely inactivate ( refs 9-11). Thus far, with the
condnms described in this paper, we have been abie to incor-
porn: Cl" channels on virtually every sitempt (>50) and
bs can {| ly died for periods of 30 to 60 min
lnlkmn; mcorpomnon

Single~channel current-voltage relations lot these cations are
shown in Fig. 2. Figure 2a shows rep singhe ch |
recnrds at three potentials with Sr** as the current carrier.

igure 2b shows that the single-channel current with cither
Ca" Ba?" or S£*° as the current carrier was proportional to
applied voltage over a nnge d sbout 145 mV. The sngle-
channel conductances with Ca®*, Ba®* and Sr*” as the current
carriers were SpS, 8.5pS and 5 pS rupecuvely. indicating taat
with ic 250 mM divalent moves through
the channel about 1.7 times faster than Ca" or Sr*°. At poten-
tials sbowe +100 mV, open channel current noise with all three
divalent cations increased substantially (see Fig. 2a). Reducing
the Ca®* concentration from 250 to 150 mM had no effect on
the m;le-dunncl conductance, suggesting that at the levels of
cations used in these experiments, the Ca®" channels were
saturated with respect to the current carrier”**!. The use of
wrfnce potential differences, and
h | ion in the degree of
occupancy by the permeant jons. Thus, the different single-
chamnel conductances should reflect differences among the fimit-
ing rates of transport of these ions through the channets. Nega-
tive to +30 mV, the single-channel currents were too small and
100 brief to measure. Patch clamp studies on intact cultured rat
hesst muscie and clonal rat pituitary cells suggest that single-
chaamel Ba?* currents increase linearly over a 50-60 mV
ruge" and that Ba’" carries more current than Ca?* through
singhe ¢ Is in Helix

Direct evidence of sel lot divak ! over
mowovalent cations u shown in th. 2¢.In lhu expenmen(. the
traxs StCl, soluti replaced with an of
NsQL Allhough the channeb were open long enough to be

d only at ials more depolarized than +20mV,
the single channel cun-ent—voluge relationship was linear and
could be polated to a p ial (~44 mV) that was very
close to the divalent cation equilibrium potential ( Eg,, ~47 mV).
By contrast, the chloride equilibrium potential { Eq) was +9 mV
and the sodium equilibrium potential (Ey,) was nominally plus
infamity. This resuit rules out the possibility that these c!unnels
sefect for Na® or C1™. In other experi ahigh
(200mM) of KCl was added to the cis side with 150~
250 M CaCl, or Bat’l; present on both sides. In these experi-
ments (resuits not shown), there was no change in the single
channel current at any polemul These results also support the
conclusion that these ch are ive for dival
over monovalent ions.

As was illustrated in Fig. 1a-c, the channels are more likely
to be open at posmve polemnls. We have nlso annlysed the
effect of ial on the singl | open and
closed times, which veflect the probabilities of closing and open-
ing. Using cither Ca . Ba®* or SP* as the current carrier,

g the ial from +100 mV to +50 mV
cmrsed the channel open times to decrease, and the closed times
{imtervals b g3) to i (data shown for Ba®*.
F:g. 3). At +100mV. the mean open time of the channel with

1 as the current carrier was about §27 ms (Fig. 3b). Reducing
lk potential to +75mV and then to +50mV decreased the
mesn apen time of the channel to 76 ms and to 29 ms. If the
mean open time ¢ tod as the h poten-
tial s reduced further, then the channel open times should tave
been in the millisecond ranges around ( mV, a value similar to
thase nhl-uncd in patch clamp experiments on other prepar-
atiom* ©. Reducing the potential ot onlv decreased channel
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3c). From +100mV to +50mV, the closing rate increased
4.4-(old and the openitip rate decreased 2.5-{old indicating that
the probainiity of a channel being open changed approximately
10-fold for this S0 mV chu:}e in membrane potentisl, a value
similar to that found for Ba®” conducting channels in cultured
heart muscie celis®,

Channel open times were affected by the species of jon carry-
ing the current through the channe! as well a3 by voliage (con-
trast ref. 22). Throughout the range of potentials studied, chan-
nels with Ba®* carrying the current had a shorter mean open
time than with Ca’* or S¢*° as curreat camriers (Fig. 3d). At
+100 mV, the sin mean opea times with Ba’*, S¢*
and Ca?* were 127 ms, 385 ms and 454 ms, respectively. Thus,
there is a panaliel between the sequence of mean open times,
and the sequence of mean transit times {or the permeant ions

)

(0.4 s for Ba®"; 0.7 us for Ca?* and Sr**, calculated from the
unit current at +100 mV). A similar relationship can be denived
from op~n times and 1'nit conductancss observed when different
alkali cations carry current through the acetylcholine receptor
channei'*'*. In addition, the order af the mean open times
(Ba’* <SP* <Ca?") is the same as the order of spparent
affinities of these jons for Ca?* channels in rat brain synapto-
somes”. These results are consistent with the general idea that
occupancy of a channel by a permeant jon can impede channel
closing, a conciusion aiso reached in studies of squid axon
potassium channels?®,

Caicium entry into & wide variety of ceils is mediated by
voltage-activated channcis that are permeadble to the cations
Ca®", Ba®* and S°° (sec Fig. 1; {or review see rel. 3). The
exact mechanism of ion per jon is unknown, but one imper-
tant step may be the association of Ca’* with a binding site in
the channel. There is good evidence that in many types of cells,
tanthanum and a variety of transition metals block Ca?* move-
ment through the channeis by competing with Ca?* {or this site.
To date, there are no dats at the single channel leved on the
mechanism of block by inorganic ions. We found that lanthanum
reduces e single channel current in a dose-dependent manner
(Fig. 4). In the presence of 250 mM S£2°, 145 uM La** reduced
the single channel current by 50%. In sddition to lanthanum,

dmium and g also reduced the single channel cur-
rents, with the order of potency being: Le*” > Cd?* » Ma?",

The selectivity among Ca**, Ba?* and Sr**, and for divalent
over monovalen\ cations, the small si conductances,
the voltage dependence, and the block by lanthanum and cad-
mium.rcfoﬁ here, are comsidered to be peopertics common
to all Ca** channels’"*. Based on these criteria, these channels
closely r ble voitage-dependent calcium channels that have
been studied in a variety of excitabie tissues. Of several unresol-
ved questions about Ca’* channels, the following appear to be
especially well-suited for investigation using the bilayer system:
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Fig. 3 Voitage-dependence of single-channel open times and closed times. a, Uriginal tecord of single-channel s urrent fluctuations with Ba?”
as the current carrier 2t + S mV. +75 mV and +100 mV. The solid bars show the level at which ail the channels were closed. b Effect of voltage
on the dninbunion of single-channel open times. Open-time distributions were determined from the same experiment sheewn in Ja. The open
times were determned (rom ungie-level fluctuations that ter d w0 v closure; ple-level fluc were 1ere and were not counted.
The distnbutions of open times at + S0 mV. +75mV. +100 mV could be described in each case by s uingle expunentis!. Plotted on a loganthmic
scaie on the ardinate is the percentage of events that lawted at least a3 long as the time indicated on the abscrsa. The total number of events.
the siopes and correlation coefficients of the linear regression lines through the log. formed data were at +S0mV, 142, -3M.75 ', ~0.993;
AATSMV T2 - 13107 099K and at ¢ HXEMV. T8, 700 ' <0999, ¢, Effect of voltage on the dutribution of tmes between openings
{rom the same experiment. The disttibutions of closed times at + S0 mV. +75 mV and + 100 mV could also be described by single exponentials.
The total number of events. th slopes and cotrelaton coethicients of the linear regression lines through the log-transformed data were al + i mV,
142, -0 —0.993: 21 + 7S mV, 77, ~0.765 7' ~0.9KS  ard at +100mV., T8, -0.94 <" -0.997. d. Effects of Ba’*. Ca’" and 5¢3° on the
dntributron of ngle-channel open tmes o1 + 10 MV, The total number of events and the lopes and correlation coefficients of the linear
regresson lines through the log-trans’armed data were with Ba®" 78, 79471 -00999; with $¢7°, 124, - 264 ', -0.99; and with Ca®*. K2,
B T 1)
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hypothesis could be tested in the planar bilayer sysiem by adding
euber the neurchormones or the constituents necessary (or
protein phosplwrylauon {3) How do clinically important ‘Ca-
antagonists” aflect single Ca®” channels®!? The side of the chan-
nets at which these agents act and the reversibility of their action
could casily be investigated. Finally, the planar bilayer system
may also provide the opportunity to compare Ca’® channeis
from different tissues, such as heart and smooth muscle, under

well-define J conditions.
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